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Abstract
We present a new result in the search for Higgs bosons decaying into two photons at the CMS detector using the
full LHC Run 1 dataset. The data samples correspond to integrated luminosities of 5.1 fb−1 and 19.7 fb−1 at centre-of-
mass energies of 7 TeV and 8 TeV respectively. A clear signal is observed in the diphoton channel at a mass close to
125 GeV with a local signiﬁcance of 5.7 σ, where 5.2 σ is expected from the standard model Higgs boson. The mass
is measured to be 124.70 ± 0.34 GeV = 124.70 ± 0.31(stat) ± 0.15(syst) GeV and the signal strength relative to the
standard model prediction is found to be 1.14+0.26−0.23 = 1.14 ± 0.21(stat)+0.09−0.05(syst)+0.13−0.09(theo). Additional results include
measurements of the signal strength modiﬁers with respect to diﬀerent production mechanisms.
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1. Introduction
In 2012, the ATLAS and CMS Collaborations an-
nounced the observation of a new particle whose prop-
erties where consistent with a SM Higgs boson with
a mass around 125 GeV [1, 2]. The Higgs boson is
the particle predicted to exist as a consequence of the
spontaneous symmetry breaking mechanism in the elec-
troweak section of the standard model (SM) [3, 4, 5, 6,
7, 8, 9]. Here we report on the search for the Higgs bo-
son decaying into two photons at the CMS dectector. It
summarises the work presented in Ref. [10] and is the
ﬁrst time this new result has been presented publicly.
The diphoton decay channel provides a clean ﬁnal state
topology that allows the mass of the decaying object to
be reconstructed with high precision. However there is
a considerable amount of background originating from
processes producing two prompt photons (about 70% of
the selected events), one prompt photon and one neu-
tral meson, where the meson is reconstructed as a pho-
ton (about 30% of the selected events), and two neutral
mesons, where both are reconstructed as photons (less
than 1% of selected events). Consequently the search
consists of a small signal peak on a large falling back-
ground. Higgs bosons are produced in the LHC envi-
ronment primarily through gluon fusion (ggH), about
88%, with smaller contributions from vector boson fu-
sion (VBF), characterised by two forward jets, about
8%, and associated production with a W or Z (VH) or tt¯
pairs (ttH), about 3% and 1% respectively. The decay of
a Higgs boson into two photons primarily occurs via ei-
ther a top loop or a W boson loop whose amplitudes de-
structively interfere resulting in a branching fraction of
∼0.2% for a SM Higgs at 125 GeV. Given the integrated
luminsotity and centre-of-mass energies of the dataset
used, around 5 × 105 SM Higgs bosons (with a mass
of 125 GeV) can be expected to have been produced at
CMS, of which about 1000 decay into two photons. The
eﬃciency times acceptance of the analysis is about 50%
for a signal with mH = 125 GeV.
2. Analysis Strategy
The analysis is performed using the CMS experiment
for which more details can be found in Ref. [11]. The
diphoton invariant mass is reconstructed from the two
photon four-vectors. This distribution is then ﬁtted with
background and signal components in order to extract
properties of the signal. To improve the sensitivity,
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by isolating events with similar resolution and signal
to background ratios, the ﬁt is performed simultane-
ously in several non-overlapping categories. The anal-
ysis strategy focuses on selecting two “good quality”
photons (i.e. rejecting neutral mesons which fake pho-
tons in the detector), measuring their energy precisely
and ﬁnding the primary vertex of the decay (hence de-
termining the components of the photon four-vectors
with good precision).
2.1. Photon energy
The photon energy is reconstructed by building clus-
ters of energy deposits in the electromagnetic calorime-
ter. The algorithms used can be applied identically to
electron showers and consequently the Z → e+e− de-
cay is used as a control channel for the analysis. A
multivariate likelihood regression technique is used to
correct individual photons’ energies and provide an es-
timate of the per-photon energy resolution. The en-
ergy scale in data is then corrected as a function of
data taking epochs, pseudorapidity (η), electromagnetic
shower width (R91) and transerve energy (ET ), using
the Z → e+e− channel. The photon energy resolu-
tion predicted by the Monte Carlo (MC) simulation is
then made more realistic by adding a Gaussian smear-
ing term derived as a function of data taking epochs, η
and R9 from the Z → e+e− channel.
2.2. Vertex location
Due to the running conditions of the LHC there can
be several proton-proton collisions in each bunch cross-
ing resulting in multiple primary vertices in each event.
Consequently a boosted decision tree (BDT) is de-
ployed to select the primary vertex from those of other
interactions in the same bunch crossing. This uses infor-
mation from the tracks which originate from each vertex
and pointing from electron tracks in cases where one or
more of the photons converts into an e+e− pair. An ad-
ditional BDT is trained in order to assess the probability
that the vertex choice was correct.
2.3. Photon Identiﬁcation
A BDT is trained to reject photon candidates which
originate in jets, mainly from π0 mesons. Its inputs
are variables which describe the electromagnetic shower
shape and detector activity in a cone around the pho-
ton candidate (the hadronisation which produces neutral
1The R9 is deﬁned as the ratio of energy in the 3 × 3 array of
crystals around the photon position to the energy of all the crystals in
the supercluster (which can be anywhere between 25 and 175 crystals)
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Figure 1: Photon identiﬁcation BDT score of the lower-scoring pho-
ton of diphoton pairs. Shown for the 8 TeV dataset (points) and sim-
ulated background events (histogram with shaded bands) also broken
down into events with either zero, one or two prompt photons. The tall
solid histogram corresponds to simulated Higgs boson signal events.
mesons typically results in non-isolated photon candi-
dates). These variables are combined by the BDT to
form a single output which provides an estimate of the
per-photon quality. The distribution of this output is
shown in Fig. 1 for mixed samples of prompt and fake
photons. It can be seen that the data-MC agreement is
very good and that the BDT eﬀectively disinguishes be-
tween photon candidates which are real and fake.
3. Event classiﬁcation
Events are separated into diﬀerent event classes based
on their topology, their mass resolution and their rela-
tive probability to be signal or background. The ﬁrst
step involves extraction of events tagged by the presence
of additional objects in the ﬁnal state (jets, leptons or
missing transverse energy, EmissT ) that give an event sig-
nature characteristic of particular production processes
(VBF, VH or ttH). The remaining events are classiﬁed
according to a variable constructed using multivariate
techniques.
3.1. Multivariate event classiﬁer
A multivariate event classiﬁer, the diphoton BDT, is
constructed in order to identify events which have good
diphoton mass resolution and a high probability of being
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Figure 2: Transformed diphoton BDT classiﬁer score for events in the
8 TeV dataset (points with error bars, left axis) and for simulated sig-
nal events from the four production processes (solid histograms, right
axis). The outlined histogram following the data points is for simu-
lated background events. The vertical dashed lines show the bound-
aries of the events classes, with the leftmost representing the score for
below which events are discarded.
signal rather than background. The classiﬁer incorpo-
rates the ingredients detailed in Sec. 2: the photon iden-
tiﬁcation BDT score of both photons, the probability the
chosen vertex is correct, the energy resolution of both
photons and other kinematic properties of the diphoton
system. The output of the diphoton BDT, transformed
to give a ﬂat distribution for signal, is shown in Fig. 2
for signal, background and data events. It can be seen
that a low score is assigned to background like events.
The vertical dashed lines indicate the boundaries used
to assign each event into a particular event class, which
are optimised to give the smallest uncertainty on the sig-
nal yield. Events which fall below the lowest boundary
(grayed region in Fig. 2) are cut out of the analysis.
3.2. Events tagged by VBF-like production signatures
Additional event classes are deﬁned in order to iso-
late events which are likely to originate from a partic-
ular production process. VBF produced Higgs events
result in two forward high transverse momenta jets. A
BDT which includes jet variables is used to select events
which are characteristic of this production mode. A fur-
ther BDT is then used to couple the dijet BDT score
with the diphoton BDT score (described in Sec. 3.1) in
order to make use of all the additional information in
the event. The output of this combined dijet-diphoton
BDT score is then used to classify the selected events
according to their probability to be produced by VBF.
This distribution, transformed to be ﬂat in VBF pro-
duced events, is shown in Fig. 3 for signal, background
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Figure 3: Transformed score of the combined dijet-diphoton BDT for
events in the 8 TeV dataset (points with error bars, left axis) and for
simulated signal events from the four production processes (solid his-
tograms, right axis). The outlined histogram is for simulated back-
ground events. The vertical dashed lines show the boundaries of the
dijet-tagged event classes with the leftmost representing the score for
below which events are not included in the dijet-tagged classes but
reclassiﬁed with the dihpton BDT.
and data events. The vertical dashed lines indicate the
boundaries used to assign each event to a particular
class, which are optimised to give the smallest uncer-
tainty on the VBF signal yield alone. Events which fall
below the lowest boundary are not discarded but instead
may be accepted as untagged events and classiﬁed ac-
cording to the diphoton BDT described in Sec. 3.1.
3.3. Events tagged by VH-like production signatures
In these types of events Higgs bosons are produced in
association with a W or Z boson resulting in additional
leptons or EmissT in the ﬁnal state. Four classes are de-
ﬁned: events with a muon or an electron are separated
into two classes, according to whether there is signiﬁ-
cant EmissT or another lepton in the event, or there is not;
a third class selects events with two or more jets; and
the fourth class consists of events with large EmissT . Ad-
ditional criteria are included to ensure that the charges
of the tagged objects and their invariant mass are consis-
tent with an additional W or Z boson. The selection cri-
teria for these classes are optimised by minimising the
expected uncertainty on the signal strength from these
processes alone.
3.4. Events tagged by ttH-like production signatures
In these types of events Higgs bosons are produced
in association with a t quark and a t¯ quark resulting in
b quarks and additional leptons or hadronic jets in the
ﬁnal state. The selection criteria require the presence of
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at least one b-tagged jet and then either one additional
jet and one electron or muon (leptonic tt¯) or four ad-
ditional jets and no lepton (hadronic tt¯). The selection
criteria for these classes is optimised by minimising the
expected uncertainty on the signal strength from these
processes alone.
3.5. Procedure of classiﬁcation
In total there are 14 event classes for the 8 TeV dataset
and 11 event classes for the 7 TeV dataset. To ensure the
classes are mutually exclusive and the correct assign-
ment of events is optimised, events are tested against the
selection requirements of each class in a speciﬁc order:
ﬁrst the production-signature tagged classes ranked by
expected signal-to-background ratio, then the untagged
classes. Once selected, events are no longer candidates
for inclusion in another class. The ordering, alongside
the main selection requirements is shown in Table 1.
Table 1: Event classes for the 7 and 8 TeV datasets and some of their
main selection requirements. Events are tested against the selection
requirements of the classes in the order they are listed here.
Label No. of classes Main requirements7TeV 8TeV
ttH lepton tag  1 p
γ1
T > mγγ/2
1 b-tagged jet + 1 electron
or muon
VH tight l tag 1 1
pγ1T > 3mγγ/8
[e or μ, pT > 20GeV, and
EmissT > 45GeV] or
[2e or 2μ, plT > 10GeV;
70 < mll < 110GeV]
VH loose l tag 1 1 p
γ1
T > 3mγγ/8
e or μ, pT > 20GeV
VBF dijet tag 0-2 2 3 p
γ1
T > mγγ/2
2 jets; classiﬁed using com-
bined diphoton-dijet BDT
VH EmissT tag 1 1
pγ1T > 3mγγ/8
EmissT > 70GeV
ttH multijet tag  1 p
γ1
T > mγγ/2
1 b-tagged jet + 4 more jets
VH dijet tag 1 1 p
γ1
T > mγγ/2
jet pair, pjT > 40GeV and
60 < mjj < 120GeV
Untagged 0-4 4 5 The remaining events,classiﬁed using diphoton
BDT
 For the 7TeV dataset, events in the ttH lepton tag and multijet tag
classes are selected ﬁrst, and combined to form a single event class.
4. Statistical modelling
4.1. Signal model
The signal shape is modelled using a sum of Gaus-
sians (up to a maximum of 5) to describe the diﬀerent
resolution eﬀects contributing to the diphoton invari-
ant mass shape. The Gaussian parameters are obtained
by ﬁtting the shape to MC simulated events at diﬀerent
Higgs boson mass hypotheses and the parameter values
are linearly interpolated in order to provide a descrip-
tion of the signal shape as a function of the hypothesis
Higgs mass, mH . This is done separately for each pro-
duction process and in each analysis category where the
signal eﬃciency is also obtained from MC simulation.
The signal mass resolution varies considerably depend-
ing on the event class but in the best classes is as low as
1.05 GeV (for mH = 125 GeV).
4.2. Background model
The background parametrisation is a priori unknown
and given the considerable size of the background, a
speciﬁc choice of its functional form can introduce large
biases. A method, the discrete proﬁling method, has
been developed [12] to treat the uncertainty associated
with the choice of function used to ﬁt the background
in a similar way to systematic uncertainties associated
with measurements. The choice of function used to ﬁt
the background is treated as a discrete nuisance param-
eter in the likelihood function used to extract the result.
When performing a ﬁt to the data, by minimising twice
the negative likelihood, all reasonable function choices
are considered and that which gives the minimum neg-
ative likelihood for a given conﬁguration of the ﬁt pa-
rameters is chosen. A penalty term is included into the
likelihood to account for the number of free parameters
in the ﬁtting function, such that the penalised likelihood
function, L˜ f , for a given background ﬁtting function, f ,
is deﬁned as
−2 ln L˜ f = −2 lnL f + Nf , (1)
where L f is the unpenalised likelihood and Nf is the
number of free parameters in function f . It is found
in tests made using pseduo-experiments that this value
of the corrected likelihood gives consistently good cov-
erage and neglible bias. These tests are performed for
the individual analysis classes separately and for various
combinations of them. Furthermore tests are performed
for various diﬀerent generating functions of the back-
groundi distribution, and for cases when the generating
function is not included as part of the discrete proﬁling
choice. In all these cases the statistical properties of the
method were found to be well behaved.
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4.3. Systematic uncertainties
Several sources of systematic uncertainty are consid-
ered in the analysis. These are incorporated into the
likelihood as nuisance parameters which aﬀec the signal
model. Whilst all the systematics considered contribute
to the uncertainty on all measured properties, they can
be grouped into two broad categories: those which pre-
dominantly aﬀect the signal strength measurement (Ta-
ble 2) and those which predominantly aﬀect the mass
measurement (Table 3).
4.3.1. Systematic uncertainties which contribute signif-
icantly to the signal rate measurement
The theoretical uncertainties on the signal yield are
taken from the LHC Higgs Cross Section Working
Group [13] and these make up the largest contribution
to the signal yield uncertainty. The energy scale and
resolution corrections applied to the data and MC have
a corresponding uncertainty and this is propagated per-
photon to the diphoton invariant mass distribution in
each event class. Due to imperfect modelling of the
shower shape variables and per-photon energy resolu-
tion estimate in the simulation an uncertainty is applied
to account for events being misclassiﬁed by the dipho-
ton BDT. There are various other smaller experimental
eﬀects such as luminosity uncertainty, trigger eﬃciency,
vertex ﬁnding eﬃciency, selection eﬃciency, jet iden-
tiﬁcation, lepton identiﬁcation and EmissT measurement
which are all accounted for and make small contribu-
tions.
4.3.2. Systematic uncertainties which contribute signif-
icantly to the mass measurement
The per photon scale and resolution correction uncer-
tainties themselves contribute an uncertainty. Further-
more, because these corrections are derived from diﬀer-
ences between data and MC simulation in Z → e+e−
decays there are further eﬀects which are considered.
Firstly there is an uncertainty associated to the energy
scale at which the corrections are derived. We assume
a linear relation from mz to mH , this is checked with
highly boosted Z bosons and a corresponding system-
atic uncertainty is added to account for any residual non-
linearity. Secondly there are diﬀerences between elec-
trons and photons in data which are not perfectly mod-
elled in the simulation so there are further sources of
systematic uncertainty which are added to account for
this.
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Figure 4: Diphoton invariant mass spectrum weighted by the ratio
S/(S +B) in each event class, together with the background substraced
weighted mass-spectrum.
5. Results
The result of the simultaneous ﬁt of the signal-plus-
background when performed across all 25 analysis cat-
egories is shown in Fig. 4 where each of the events, as
well as the ﬁtted functions, are weighted by the ratio
S/(S + B) of the event category into which it falls.
5.1. Signiﬁcance of the signal and its strength
The local p-value to observe a ﬂuctuation of the back-
ground is shown as a function of the Higgs boson mass
hypothesis, mH , in Fig. 5. A signiﬁcant excess is ob-
served near 125 GeV with a local p-value of 5.7σwhere
5.2σ is expected from the SM Higgs boson. The best ﬁt
signal strength as a function of mH is shown in Fig. 6.
The value of mH corresponding to the maximum p-
value is 124.7 GeVwhere the signal strength is observed
to be 1.14+0.26−0.23 relative to the SM prediction. The uncer-
tainty contributions are shown in Table 2.
5.2. Mass measurement
To make the measurement of the mass of the observed
resonance less model dependent the signal strengths of
the production processes involving the Higgs coupling
to fermions and the Higgs couplings to bosons are al-
lowed to vary independently. These two signal strength
modiﬁers are respectively denoted μggH,ttH and μVBF,VH
and deﬁned relative to the SM prediction. Figure 7
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Figure 5: Local p-values as a function of mH for the 7 TeV, 8 TeV
and combined datasets. The expected values for a SM Higgs boson
are shown as the dashed lines.
 (GeV)Hm
110 115 120 125 130 135 140 145 150
μ
-0.5
0
0.5
1
1.5
2
 (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb
CMS
γγ→H
 uncertaintyσ 1 ±
Figure 6: The best ﬁt signal strength, relative to the SM prediction, as
a function of mH .
Source of uncertainty Uncertaintyin μˆ
Theoretical Predictions 0.11
Shower shape and resolution modelling 0.06
Energy scale and resolution 0.02
Other 0.04
All systematic uncertainties 0.13
Statistical 0.21
Total 0.25
Table 2: Magnitude of the uncertainty in the best ﬁt signal strength, μˆ,
induced by the systematic uncertainties in the signal model.
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Figure 7: Scan of the likelihood ratio as a function of the hypothesis
mass when μggH,ttH and μVBF,VH are allowed to vary independently.
shows the resulting scan of the negative log likelihood
ratio as a function of mH . The best ﬁt mass of the ob-
served boson is found to be 124.70 ± 0.34 GeV. The
uncertainty contributions are shown in Table 3.
5.3. Production mechanisms
The signal strength from individual production mech-
anisms is shown in Fig. 8 and the two dimensional scan
of the likelihood ratio for the signal strength paramters
to fermions and bosons, μggH,ttH and μVBF,VH, are shown
in Fig. 9. It can be seen that the properties of the ob-
served boson are consistent with the standard model
prediction.
6. Summary
We report the observation of the diphoton decay
mode of the recently discovered Higgs boson and the
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Source of uncertainty Uncertainty inm̂H (GeV)
Imperfect simulation of e-γ diﬀerences 0.10
Linearity of the energy scale 0.10
Energy scale and resolution 0.05
Other 0.04
All systematic uncertainties 0.15
Statistical 0.31
Total 0.35
Table 3: Magnitude of the uncertainty in the best ﬁt mass induced by
the systematic uncertainties in the signal model.
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Figure 8: Best ﬁt signal strength when the contribution from each of
the production process is allowed to vary independently.
Figure 9: Scan of the likelihood ratio as a function of the sig-
nal strength from fermionic production processes, μggH,ttH, versus
bosonic production processes, μVBF,VH.
measurement of some of its properties. It is the ﬁrst
time this result and some of the newmethodology of this
analysis [10] have been publicly presented. The anal-
ysis uses the entire Run1 dataset collected by the CMS
experiment during 2011 and 2012 LHC running. A clear
signal is observed with a local signiﬁcance of 5.7 σ
when 5.2 σ is expected for a SM Higgs boson. The
mass is measured to be 124.70 ± 0.34 GeV = 124.70 ±
0.31(stat) ± 0.15(syst) GeV and the signal strength rel-
ative to the standard model prediction is found to be
1.14+0.26−0.23 = 1.14 ± 0.21(stat)+0.09−0.05(syst)+0.13−0.09(theo). All
the results are compatible with the expectations of a SM
Higgs boson.
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